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Why Tissue Engineering?Why Tissue Engineering?

•• Millions suffer tissue or organ loss from diseases Millions suffer tissue or organ loss from diseases 
and accidents every year and accidents every year 
–– Yearly cost of treatment exceeds $400 billion  Yearly cost of treatment exceeds $400 billion  

•• Major medical treatment is transplantationMajor medical treatment is transplantation
–– Shortages of replacement tissue and organs Shortages of replacement tissue and organs 

•• Development of Alternative Sources for Development of Alternative Sources for 
Transplantations by Engineering TissueTransplantations by Engineering Tissue

•• In vitro tissue models may allow better In vitro tissue models may allow better 
understanding of disease pathology to avoid organ understanding of disease pathology to avoid organ 
failure failure 



Biomedical Applications Biomedical Applications 
of Tissue Engineeringof Tissue Engineering

•• In vitro Growth of Tissues for Implantation In vitro Growth of Tissues for Implantation 
–– Replacement of Diseased or Damaged Tissues Replacement of Diseased or Damaged Tissues 

» Skin replacement for treatment of serious burns

•• Extracorporeal Support  Extracorporeal Support  
–– External Devices Containing Tissue that Replace the External Devices Containing Tissue that Replace the 

Function of Internal Organ Function of Internal Organ 
» Artificial liver

•• Human Disease Models Human Disease Models 
–– Differentiated Tissues for Pathogen Propagation Differentiated Tissues for Pathogen Propagation 

» Models for HIV, Cyclospora 

–– ThreeThree--Dimensional Cancer Models Dimensional Cancer Models 
» Prostate, Colon



Biomedical Applications Biomedical Applications 
of Tissue Engineeringof Tissue Engineering

•• Drug Testing and Development  Drug Testing and Development  
–– New Tissue models for drug development  New Tissue models for drug development  

» Renal Toxicity, Heart

•• BiomaterialBiomaterial--guided Tissue Regeneration guided Tissue Regeneration 
–– Implantation of Biomaterials to Induce Tissue Implantation of Biomaterials to Induce Tissue 

RegenerationRegeneration
» Absorbable collagen matrix for guiding tissue regeneration in 

periodontal surgery.



Immune System Problems Immune System Problems 

•• Immunosuppressive DrugsImmunosuppressive Drugs
–– Serious ComplicationsSerious Complications

•• Autologous Autologous 
–– Use the person’s cellsUse the person’s cells
–– Best approach if possibleBest approach if possible

•• Encapsulation: Encapsulation: ImmunoisolationImmunoisolation
–– Biopolymer coating to keep immune system outBiopolymer coating to keep immune system out
–– Pancreatic IsletsPancreatic Islets

» 1-2% of Pancreatic Volume 

•• Future: Genetically Modified CellsFuture: Genetically Modified Cells
–– Major Major HistocompatibilityHistocompatibility Complex GenesComplex Genes
–– MesenchymalMesenchymal Stem CellsStem Cells



Current Commercial ProductsCurrent Commercial Products

•• Human Skin Equivalent with CellsHuman Skin Equivalent with Cells
–– AutologousAutologous

» Genzyme (Epicel): Epidermal Grafts 
» 16 Days
» Close a serious burn wound: If you live
» Currently one layer (two layer: strength)

–– Neonatal foreskinNeonatal foreskin
» Used for skin ulcers
» Stimulates the host tissue to regenerate: Not there at end
» Advanced Tissue Science: Dermagraft (frozen) 
» Organogenesis: Apligraf - Two layers

•• CellCell--based Procedure to Repair Knee Injuriesbased Procedure to Repair Knee Injuries
–– AutologousAutologous

» Genzyme (Carticel)
» Inject chondrocytes  under periosteal flap: Jury is out 



Human Skin EquivalentHuman Skin Equivalent

•• OrganogenesisOrganogenesis Inc.Inc.
–– ApligrafApligraf: skin construct with upper epidermal and lower dermal layer : skin construct with upper epidermal and lower dermal layer 

comprised of viable human skin cellscomprised of viable human skin cells
–– No blood vessels, hair follicles, sweat glands, No blood vessels, hair follicles, sweat glands, melanocytesmelanocytes
–– 20 Days to produce product20 Days to produce product



Growth Approach is ImportantGrowth Approach is Important

•• MonolayerMonolayer GrowthGrowth
–– Can be applied to cell proliferationCan be applied to cell proliferation
–– MonolayersMonolayers can be used to buildup tissuecan be used to buildup tissue

•• PerfusedPerfused SystemsSystems
–– Force Fluid through the tissueForce Fluid through the tissue
–– Support larger tissue constructsSupport larger tissue constructs
–– Provide asymmetrical growth conditionsProvide asymmetrical growth conditions
–– Mechanical loadsMechanical loads
–– PulsedPulsed--flowflow

•• Coupling of Coupling of monolayer monolayer proliferation and proliferation and perfused perfused 
systemssystems
–– Blood vessels Blood vessels 



Blood Vessel FormationBlood Vessel Formation

•• MonolayerMonolayer TechniqueTechnique
–– Build Tissue Layer by LayerBuild Tissue Layer by Layer

•• Grow Tissues Independently Grow Tissues Independently 
–– Vascular smooth muscle cellsVascular smooth muscle cells
–– FibroblastsFibroblasts
–– Endothelial: seeded on lumenEndothelial: seeded on lumen

•• ThreeThree--layer Structurelayer Structure
–– ECM with ECM with elastinelastin

•• Differentiation MarkersDifferentiation Markers
–– DesminDesmin

•• Burst strength comparable to native Burst strength comparable to native 
blood vesselsblood vessels

FASEB Vol. 12, 1998, p 47



Cellular Requirements for Engineering Cellular Requirements for Engineering 
TissueTissue

•• Proliferation of Cells RequiredProliferation of Cells Required
–– Start with limited number of cellsStart with limited number of cells
–– Expand large number of timesExpand large number of times

•• Cellular Assembly into 3Cellular Assembly into 3--D ConstructsD Constructs
–– CellCell--matrix adhesion: matrix adhesion: intergrinsintergrins
–– CellCell--cell adhesion: cell adhesion: cadherinscadherins
–– Intercellular Junction FormationIntercellular Junction Formation

•• ECM formation RequiredECM formation Required
•• Differentiation RequiredDifferentiation Required
•• Angiogenesis Angiogenesis 

–– CoCo--culture with endothelial cellsculture with endothelial cells
•• InnervationInnervation



Tissue Engineering in 5 StepsTissue Engineering in 5 Steps

AssemblyAssembly

33--Dimensional Dimensional 
GrowthGrowth

Matrix FormationMatrix Formation

DifferentiationDifferentiation

VascularizationVascularization



Four Primary Requirements for Four Primary Requirements for 
Engineering TissueEngineering Tissue

•• Cell SourceCell Source
–– Proliferation and Differentiation Required Proliferation and Differentiation Required 
–– PluriPluri--potent Stem Cellspotent Stem Cells

•• Biomaterial Scaffold: BiopolymersBiomaterial Scaffold: Biopolymers
–– Provides Appropriate Substratum to Support CellProvides Appropriate Substratum to Support Cell--cell, Cellcell, Cell--

matrix Interactionsmatrix Interactions
•• BioreactorsBioreactors

–– Maintains Physiological ConditionsMaintains Physiological Conditions
–– Uniform Concentrations of Gases and NutrientsUniform Concentrations of Gases and Nutrients

•• Specific FactorsSpecific Factors
–– Growth factors, hormones, metabolitesGrowth factors, hormones, metabolites
–– Depends on tissue type and developmental stageDepends on tissue type and developmental stage



Scaffolds for Tissue EngineeringScaffolds for Tissue Engineering
•• Desirable PropertiesDesirable Properties

–– Biodegradable & BiocompatibleBiodegradable & Biocompatible
–– Highly porousHighly porous

» High permeability (PGA: 97% Porous)
–– Cell adhesionCell adhesion

» ECM establishes adhesion (fibronection)
» Strengthened by CAM’s (cadherins) 

–– Tailor and control Tailor and control 
» Shape, strength, speed of degradation, and 

microstructure
–– Mimic natural materialsMimic natural materials

» Fibronectin RGD sequence in polymers improves 
cell adhesion

–– MaterialsMaterials
» Suture material: polyglycolic acid
» Collagen, Alginate, Hyaluronic Acid



Limitations on Engineered Tissue SizeLimitations on Engineered Tissue Size

•• Tissue Size is Limited ByTissue Size is Limited By
–– Transport of nutrients and gasesTransport of nutrients and gases
–– Metabolic rates of component cells and Metabolic rates of component cells and 

permeability of the constructpermeability of the construct
•• AngiogenesisAngiogenesis

–– Most cells are no more than 100 um Most cells are no more than 100 um 
from the nearest capillaryfrom the nearest capillary

–– Capillaries: effective mass transfer  Capillaries: effective mass transfer  
» small diameter (6-8 um)
» Residence time of blood is greater than 

radial diffusion time

•• Mixed and Mixed and PerfusedPerfused SystemsSystems
–– Force flow of fluid through tissueForce flow of fluid through tissue
–– Too much fluid shear damages cells Too much fluid shear damages cells 

and tissuesand tissues



Engineered Tissue ThicknessEngineered Tissue Thickness

•• Total Cardiac Output Total Cardiac Output RecievedRecieved
–– Skeletal & cardiac muscle ~ 25% (~75% strenuous exercise)Skeletal & cardiac muscle ~ 25% (~75% strenuous exercise)
–– Cartilage ~ 2%Cartilage ~ 2%
–– Bone ~ 10%Bone ~ 10%

•• Tissue that are normally Tissue that are normally vascularized vascularized 
–– Bone, muscleBone, muscle

» Mass transfer limited

•• AvascularAvascular cartilagecartilage
•• Current thickness of engineered tissuesCurrent thickness of engineered tissues

–– Cartilage ~ 5 mmCartilage ~ 5 mm
» Thickness is appropriate for human articular cartilage repair 

–– BoneBone--like ~ .5 mmlike ~ .5 mm
–– CardicCardic--like ~ .18 mmlike ~ .18 mm



CellCell--PolymerPolymer--Bioreactor Bioreactor 
System System 

Polymer scaffold:Polymer scaffold:
e.g. fibrous meshe.g. fibrous mesh
or porous spongeor porous sponge

Precursor Cells:Precursor Cells: Bioreactor:Bioreactor: Applications:Applications:
e.g. rotating vessele.g. rotating vessel

Engineered Tissue ConstructEngineered Tissue Construct



Cartilage Cell SourcesCartilage Cell Sources

•• Need sufficient number of Need sufficient number of chondrogenic chondrogenic cellscells
–– Cell density plays critical role in the initiation of Cell density plays critical role in the initiation of 

chondrogenesischondrogenesis
•• ChondrocytesChondrocytes

–– Bovine calvesBovine calves
–– Obtained from Obtained from articular articular cartilage and expandedcartilage and expanded

•• Bone Marrow Bone Marrow Stromal Stromal CellsCells
–– Differentiate into several Differentiate into several mesenchymalmesenchymal lineageslineages

» Osteoblasts, chrondrocytes, adipocytes, myocytes

–– Involved in natural repair of tissueInvolved in natural repair of tissue
–– Growth factors required (FGFGrowth factors required (FGF--2, TGF2, TGF--beta 1) beta 1) 
–– Embryonic chicks and bovine calvesEmbryonic chicks and bovine calves



Advantages of Bone Marrow Advantages of Bone Marrow Stromal Stromal 
CellsCells

•• Low numbers of cells requiredLow numbers of cells required
–– Rapidly expanded in Rapidly expanded in monolayers monolayers and maintain and maintain 

differentiation potentialdifferentiation potential
•• Relative simplicity of the procedure to harvest bone Relative simplicity of the procedure to harvest bone 

marrowmarrow
•• High biosynthetic activity in older individualsHigh biosynthetic activity in older individuals
•• Possibility of engineering composites of bone and Possibility of engineering composites of bone and 

cartilage for cartilage for osteochondral osteochondral defectsdefects



Tissue Engineering of CartilageTissue Engineering of Cartilage

•• Cell Seeding Density and Cell Seeding Density and 
AssemblyAssembly
–– Critical to promoting cellCritical to promoting cell--cell cell 

contactscontacts
» 4 to 10 million per 10x5mm 

scaffold
» At Lower seeding levels, 

insufficient ECM produced and 
construct loses structural integrity

–– Associated with high rates of Associated with high rates of 
ECM biosynthesis ECM biosynthesis 
chondrocyteschondrocytes

–– Expression of a Expression of a chondrogenic chondrogenic 
phenotype by progenitor cells phenotype by progenitor cells 
in marrowin marrow



Effects of Media on Engineered Effects of Media on Engineered 
CartilageCartilage



Effects Bioreactor Vessel on Effects Bioreactor Vessel on 
Engineered CartilageEngineered Cartilage



Engineered* vs. native cartilageEngineered* vs. native cartilage
(*cultured 6 weeks in rotating bioreactors)(*cultured 6 weeks in rotating bioreactors)
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Structure and Protein Expression in Structure and Protein Expression in 
Engineered CartilageEngineered Cartilage

Collagen network, SEMCollagen network, SEMCollagen network, SEM SDS-PAGE        Collagen II
Western blot

SDSSDS--PAGE        Collagen IIPAGE        Collagen II
Western blotWestern blot
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Engineered* vs. native cartilageEngineered* vs. native cartilage
(*cultured 6 weeks in rotating bioreactors)(*cultured 6 weeks in rotating bioreactors)
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Engineered* vs. native cartilageEngineered* vs. native cartilage
(*cultured 6 weeks in rotating bioreactors)(*cultured 6 weeks in rotating bioreactors)
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Engineered cartilage integrated with Engineered cartilage integrated with 
native cartilagenative cartilage

ObradovicObradovic et al., et al., 
Trans ORS 25: 616, 2000Trans ORS 25: 616, 2000

two pieces two pieces 
of native of native 
cartilagecartilage

200 µm

engineeredengineered
& native & native 
cartilagecartilage



Engineered Heart TissueEngineered Heart Tissue

•• Develop cardiac constructs for developmental, Develop cardiac constructs for developmental, 
physiological, and pharmacological studies physiological, and pharmacological studies 

•• Compared with Compared with monolayer monolayer cultures, 3cultures, 3--D D multilayer multilayer cultures cultures 
more closely resemble intact cardiac tissuemore closely resemble intact cardiac tissue
–– Cellular differentiationCellular differentiation
–– Electrical propertiesElectrical properties

•• In vivo cardiac repairIn vivo cardiac repair
–– If constructs can be grown sufficiently large and functionalIf constructs can be grown sufficiently large and functional

•• Check functionality with impulse propagationCheck functionality with impulse propagation
•• Cardiac Cardiac MyocyteMyocyte Cell SourceCell Source

–– Neonatal  Rat ventriclesNeonatal  Rat ventricles
» Enzymatic digestion of ventricles
» Monolayer expansion
» Cell seeding on scaffold (5x2 mm)



Engineered Heart TissueEngineered Heart Tissue

•• HistologyHistology
–– Cells in outermost part of Cells in outermost part of 

construct formed 3construct formed 3--D D 
tissueliketissuelike structuresstructures

» Attached to other cells and 
spreading along PGA fibers

–– 100100--200 um thick outer tissue200 um thick outer tissue
–– At construct center, cells were At construct center, cells were 

sparsely distributedsparsely distributed
•• ImmunohistochemistryImmunohistochemistry

–– Majority of cells expressed Majority of cells expressed 
musclemuscle--specific specific sarcomeric sarcomeric 
tropomyosin tropomyosin (brown color) (brown color) 



Engineered Heart TissueEngineered Heart Tissue

A B

C D

•• Cardiac ConstructsCardiac Constructs
–– One week of cultureOne week of culture
–– Cell Seeding DensityCell Seeding Density

» 4-8 million cells per scaffold
» Allowed synchronous contractions over 

macroscopic areas

•• ImmunohistochemicalImmunohistochemical Labeling: Labeling: 
Muscle Muscle SpecifcSpecifc
–– A) Muscle A) Muscle desmin desmin (IF)(IF)
–– B) Cardiac myosinB) Cardiac myosin
–– C) Cardiac C) Cardiac troponintroponin--TT
–– D) D) Sarcomeric tropomyosinSarcomeric tropomyosin

•• TEMTEM
–– DesmosomesDesmosomes (little arrows)(little arrows)
–– Myofibrils: Z lines (broad arrow) Myofibrils: Z lines (broad arrow) 



Engineered Heart TissueEngineered Heart Tissue

•• TEM: Cardiac MyocytesTEM: Cardiac Myocytes
–– MyofilamentsMyofilaments with well with well 

defined: defined: sarcomeressarcomeres, Z, Z--lines, lines, 
and glycogen granulesand glycogen granules

–– MitochondriaMitochondria
–– Intercellular Junctions: Intercellular Junctions: 

DesmosomesDesmosomes
–– Intercellular Junctions: Intercellular Junctions: 

DesmosomesDesmosomes and and 
Intercalated disc Intercalated disc 



Engineered Heart TissueEngineered Heart Tissue

Connexin-43, immunolabeling
•• Intercellular Coupling Intercellular Coupling 

via Gap Junctionsvia Gap Junctions
–– ConnexinConnexin-- 4343
–– 43 43 kDkD subunits found in subunits found in 

Gap JunctionsGap Junctions
–– Electrically couples Electrically couples 

cardiac cellscardiac cells
– Ion currents flow to 

propagate action 
potentials

5 µm5 µm

Connexin-43 Western blot

EngineeredEngineered
tissue

Native
ventricle tissue



Engineered Heart TissueEngineered Heart Tissue

•• Impulse Propagation and Pacing FrequenciesImpulse Propagation and Pacing Frequencies
–– Steady state response at 80, 150, and 200 beats/minSteady state response at 80, 150, and 200 beats/min



Engineered Heart TissueEngineered Heart Tissue

•• Inferior electrophysiological properties compared Inferior electrophysiological properties compared 
with native ventricleswith native ventricles
–– High excitation thresholds and low response High excitation thresholds and low response 

amplitudesamplitudes
» Low construct cellularity

–– Low conduction velocitiesLow conduction velocities
» Decreased cell coupling (Gap Junctions) 



Engineered Heart TissueEngineered Heart Tissue

•• Constructs seeded in low shear Constructs seeded in low shear 
vesselsvessels
–– Highest cell Highest cell densityanddensityand most most 

uniformly distributed cellsuniformly distributed cells
–– Higher DNA contentsHigher DNA contents
–– Lowest index of cell damage and Lowest index of cell damage and 

cell deathcell death
–– Highest metabolic activity indexHighest metabolic activity index

•• Should result in improved Should result in improved 
electrical propertieselectrical properties



Human Tissue Models that Human Tissue Models that 
Enable Biomedical ResearchEnable Biomedical Research

Cyclospora Cyclospora 
sporozoitessporozoites

Borrelia Borrelia 
burgdorferiburgdorferi

HIVHIV
Tissue ModelTissue Model

•• Universal Pathogen Culture Universal Pathogen Culture 
SystemSystem
–– Liver, epithelial, lymphoid coLiver, epithelial, lymphoid co--

cultureculture
» Multiple tissue provide correct 

microenvironment for most common 
human pathogens

–– EBV, Ebola, EBV, Ebola, MonkeypoxMonkeypox
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